Oxidation of sec-alcohols was investigated with ruthenium-bearing microgel core star polymer catalysts [Ru(II)-Star]. The star polymer catalysts were directly prepared via RuCl 2 (PPh 3 ) 3 -catalyzed living radical polymerization of methyl methacrylate (MMA), followed by the arm-linking reaction with ethylene glycol dimethacrylate (1) in the presence of diphenylphosphinostyrene (2). Ru(II)-Star efficiently and homogeneously catalyzed the oxidation of 1-phenylethanol (S1) to give a corresponding ketone (acetophenone) in higher yield (92%) than analogues of polymer-supported ruthenium complexes. Importantly, the star catalyst afforded high recycling efficiency in the oxidation. They held catalytic activity against three times catalysis even though they were recovered under air-exposure every time, whereas the conventional RuCl 2 (PPh 3 ) 3 lost the activity for same recycling procedure due to the deactivation by oxygen.
Introduction
The ultimate goal on catalyst design for chemical reactions would be the full compatibility between an efficient catalytic function and the practical availability. Homogeneous catalysts potentially can contribute to the improvement of activity due to numerous chances to encounter with substrates, however recovering from the products and their reuse have tended to be difficult.
In contrast, insoluble (heterogeneous) supported catalysts 1b,1c,1e-1n such as cross-linked polystyrene gel and silica-gel immobilized metal complexes have been developed to resolve such difficulties of removal and reuse for various organic reactions, although most of them are inferior to homogeneous ones regarding the activity. On the other hand, the recent advance of synthetic methodology for well-defined macromolecules has encouraged us to prepare homogeneous polymer (macromolecules)-supported catalysts 1a,1d,1e,1f,1l providing both of catalytic functions and availability. More sophisticated design of the structure around catalytically active site would be responsible for advancement of catalytic functions. [2] [3] [4] [5] [6] [7] Dendrimer-inside supported catalysts 2,3 are their typical representatives to give characteristic activity and selectivity due to the compartmentalized reaction space from outer environment.
Microgel-core star polymers [8] [9] [10] [11] [12] [13] [14] [15] are quite intriguing as scaffolds to place catalysts, [12] [13] [14] [15] because the star polymers carry a nano-size, compartmentalized, and cross-linked core in the center, from which lots of linear arms emanate. The polymer is fully soluble in various solvents dependent on the solubility of an arm polymer, thought the core is originally insoluble or hardly soluble due to the network structure. Motivated by these features, we have designed ruthenium-bearing microgel core star polymers 12 applicable to catalysis. 12a,12d The star polymers 
Synthesis of Ru(II)-Star (C1-C7)
The synthesis of star polymer catalysts (C1-C7) was carried out by the syringe technique under dry argon in baked flask equipped with a three-way stopcock. 12a,12b Typically for C2, , and toluene (6.8 mL) was added to the MMA prepolymer solution, and the further reaction proceeded. After 50 h, the reaction was terminated by cooling the mixture to -78 o C (conversion MMA/1/2 = 98%/86%/100%; MMA and 1: determined by gas chromatography; 2: determined by 1 H NMR; star polymer yield = 82%: determined by SEC curves).
The star polymers were precipitated into hexane under dry argon. The crude solid products were dissolved in toluene and purified by silica gel chromatography under argon to remove free ruthenium. The solution was evaporated under vacuum to give red-brown solid products (C2).
SEC-MALLS (in DMF)
: M w,star = 390,000, 24 arms, R g = 6.9 nm; UV-vis (CH 2 ClCH 2 Cl, r.t., 475 nm): 38 µmol Ru/g-polymer.
Synthesis of Ru(II)-Gel (C8)
In a 
Oxidation of sec-Alcohols Catalyzed by Ru(II)-Star (C2)
The typical procedure of Ru(II) Star-catalyzed oxidation of sec-alcohols was done according to the following procedures.
12a K 2 CO 3 (1 mmol, 138 mg) was placed in a baked 50 mL round-bottomed flask equipped with a condenser and three-way stopcock, and purged by dry argon.
The solution of C2 (0.01 mmol of core-Ru(II), 0.27g) in acetone (10 mL) and 1-phenylethanol (S1:
10 mmol, 1.21 mL) were added into the flask at 25 o C under dry argon. The reaction mixture was 9 stirred and refluxed at 65 o C and sampled in pre-determined period. The yield was determined by 1 H NMR analysis of the reaction solution.
Result and Discussion
Synthesis of Ru(II)-Bearing Polymer Catalysts
Ru ( respectively. However, they gave lower yields of products (C8: 64%, C9: 52%) in 8 h than C2.
The high activity of C2 is probably due to the homogeneous reaction inducing efficient accessibility of the substrate and acetone (hydrogen acceptor) onto the ruthenium center, and the unique environment of ruthenium catalysts that was concentrated in the nano-sized microgel core.
Figure 1
Next, the effects of structure factors of star polymer catalysts (C1-C6) on the catalytic activity were examined in the oxidation of S1, focusing on arm length [DP = 50 (C5), 100 (C2), (Figure 2A-2C) . All of the polymers efficiently induced the oxidation in high yield (~90% in 8 h), and the activity was uniquely independent of the arm length, the core cross-linking amount, and the core-void volume. This is probably because the substrate would be accessible enough to the catalytic center even in the case of a long arm length (DP = 200) and highly cross-linked core (r 1 = 20). Paradoxically explaining, the cross-linked core, even consisting of the large amount of r 1 (C3), would have sufficient void spaces inside the nano networks cross-linked by 1, in which substrates, products, and acetone (hydrogen acceptor) can diffuse smoothly for catalysis (Scheme 2). Additionally, the number ratio of core-bound phosphine (2) to core-bound Ru(
-C6 is almost 3 to 4, meaning almost all the ruthenium is supported by about 3 to 4 numbers of core-bound 2. Since RuCl 2 (PPh 3 ) 3 originally carries 3 number of triphenylphosphine ligands, the vacant site numbers on the core-bound metal center and the rigidity (mobility) of the core-bound ruthenium would be almost identical through C1 -C6. This factor would also induce the similar activity in the catalysis. Therefore, the star-shaped structure consisting of soluble arms and microgel core encapsulating ruthenium catalysts is responsible for the high activity distinguished from the other type of polymer-supported Ru(II).
Figure 2 Catalyst Recycle
Another perspective of the star polymer catalyst is the increase of stability caused by the encapsulating effect inside the microgel core. Thus, the reusability of Ru(II)-Star (C2) was investigated in the oxidation of 1-phenylethanol (S1), compared to the original Ru(II) (C10) (Figure 3 ). The recycle procedure was according to three steps: (1) after the reaction, evaporation 12 of solvent (acetone) to leave the catalyst, base (K 2 CO 3 ), and non-volatile organic compounds such as an obtained product and an substrate residue; (2) double washing by hexane to remove the non-volatiles; (3) reload of a substrate and a solvent for next run. The reuse procedure was examined under argon (inert) and air (Supporting information: Figure S1 ). The star polymers (C2) catalyzed the oxidation even in 2nd/3rd runs without obvious loss of activity under inert atmosphere recovery ( Figure 3A) . Surprisingly, such reuse was achieved via the catalyst recovery even under air procedure ( Figure 3B ). During the recycle processes, the washing solvent (hexane)
for the catalysts showed colorless (transparent), which demonstrates that ruthenium complexes are steady supported by the microgel-core. Thus, the almost pure products were easily obtained from the simple precipitation of Ru(II)-Star catalysts into hexane. In contrast, the activity of the conventional Ru(II) (C10) was apparently decreased in 3rd cycle even under argon recovery ( Figure 3C ). Additionally, C10 lost the catalytic activity through the recovery under air, which is probably due to decomposition caused by the low stability against oxygen ( Figure 3D ). These superior reusability and oxidation-resistance of star polymer catalysts most likely arise from the effective protection of ruthenium complexes enclosed by multiple phosphine ligands inside the tough cross-linked network.
Figure 3 Catalyst Stability
The structural stability of star polymer catalyst (C2) through the recycle experiments was examined with several analyses such as SEC, 1 H NMR, and UV-vis. The shape and position of SEC curves hardly changed between before use ( Figure 4A ) and after 3 runs ( Figure 4B ), which indicate that the star catalysts maintained original conformation through the recycle experiments 13 and a star-star coupling hardly occurred during the oxidation. 
Figure 4
The tolerance of core-bound ruthenium through the recycle processes was also analyzed with UV-vis spectroscopy. Figure 5 showed the spectra of Ru ( under argon) (E). The star polymers (C2) before catalysis ( Figure 5A ) exhibited broad absorptions including three λ max (~ 400, 481, and 728 nm), which is quite similar to C10 (C5: Figure 5D ). After the recycle experiments, the two absorptions around 481 and 728 nm disappeared and intensity of absorbance around 400 nm of λ max was dramatically increased in both catalysts ( Figure 5B, 5E ). This is caused by the transformation of the chloride complex into the hydride one through the oxidation reaction, which also confirmed by the color change from red-orange to yellow-orange. The C2 through the recovery procedure under air also showed same absorption pattern ( Figure 5C ) as the above patterns ( Figure 5B , 5E), meaning no decomposition of core-bound Ru(II) after air exposure. Actually, the star catalyst (C2) recovered under air still exhibited the identical yellow-orange color during recycle experiments, in sharp contrast to C10 turning into black-brown under same condition. These results support that the core-bound Ru(II) of C2 had high oxidation resistance to maintain the catalytic activity even if C2 was recovered under air.
Figure 5
14
Various Substrates
Catalysis with Ru(II)-star polymers proceeds in the ruthenium-bearing microgel core surrounded by plenty of PMMA arms. Such a specific reaction field might induces different substrate selectivity from conventional RuCl 2 (PPh 3 ) 3 . Thus, we examined the oxidation of various sec-alcohols (S1~S7) with a star polymer catalyst (C7). The loaded molar ratio of a ruthenium catalyst to a substrate was set in [Ru(II)]/[substrate] = 1/1000. As shown in Table 2 , C7 catalyzed the oxidation of all substrates (S1~S7) to the corresponding ketones. The substrates containing aromatic groups (S1~S3) were efficiently oxidized to alcohol products in high yield (over 90% in 3
h) with appropriate turn over frequency (TOF > 300 h -1 ). However, C7 especially induced the slower oxidation of long alkyl sec-alcohol (S7) to give low TOF (57% Yield in 16 h, TOF = 37 h -1 ).
Table 2
Finally, the substrate selectivity of Ru(II)-Star (C7) was compared with RuCl 2 (PPh 3 ) 3 (C10).
The selectivity was evaluated by the relative rate for each substrate to S7 as a standard substrate on the basis of the reaction time to achieve 50% yield (half life period of substrate: T 1/2 ), where
Relative rate (K S7 = T 1/2 (S7)/T 1/2 ) was used as an evaluation index ( Figure 6 ). This is due to that S7 gave the slowest oxidation with both catalysts among all substrates (time-yield curves obtained with C7 and C10 were listed in supporting information: Figure S2 , S3). As seen in the Figure 6 , the rates for aromatic compounds (S1~S3) tended to be larger than non-aromatic counterparts (S4~S7) with both catalysts. Specifically, the Ru(II)-Star (C7) gave much higher K S7 than C10
for chlorine-substituted aromatic substrate (S2) and indane-substituted (S3). Such specific selectivity would be caused by the unique structural features of star polymer catalyst, such as the condensed catalysts and the confined reaction space around them. These results suggest the 15 challenging possibilities that star polymer catalysts should provide particular reaction pockets built by a more sophisticated design depending on substrates.
Figure 6
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Conclusion
We have demonstrated that ruthenium-bearing microgel core star polymers with poly(MMA) arms, directly prepared by ruthenium-catalyzed living radical polymerization, efficiently and homogeneously catalyzed the oxidation of 1-phenylethanol (S1) in high yield (over 90%), in spite of low molar ratio of a ruthenium catalyst to the substrate ([S1] 0 /[Ru(II)] 0 = 1000/1).
They showed higher activity than the analogical catalysts supported onto linear random polymer or insoluble polystyrene gel. Recycle experiments with the star catalysts were achieved for three times without loss of activity even though they were recovered under air. The excellent stability of star polymer catalysts was also confirmed by the following spectroscopic characterization: SEC;
1 H NMR; and UV-vis. Furthermore, they exhibited substrate selectivity different from the conventional RuCl 2 (PPh 3 ) 3 . These features were derived from the unique structure consisting of cross-linked microgel core encapsulating ruthenium complexes and the covering soluble poly(MMA)-arms. g The ratio of core-bound 2 to core-bound Ru(II).
21 1-phenylethanol (S1) to give a corresponding ketone (acetophenone) in higher yield (92%) than analogues of polymer-supported ruthenium complexes. Importantly, the star catalysts afforded high recycling efficiency against the three times catalysis even via the catalyst recovery under air-exposure, while the conventional RuCl 2 (PPh 3 ) 3 lost the activity for same recycling procedure.
Furthermore, the star polymer catalysts showed unique selectivity different from RuCl 2 (PPh 3 ) 3 .
